Application of a shunted piezoelectric system in reduction of the squeal noise level in railway wheels is studied. A wheel squeal model including the railway track, wheel, and nonlinear interaction contact forces is taken into account in the time domain. Consequent vibration of the wheel is calculated at incident of sharp curve passing. e sound pressure level (SPL) of the noise is then calculated by an analytical method. Performance of different shunt circuits including the R (resistance) and RL (resistance inductance) is evaluated in different frequency ranges. A new methodology is proposed to achieve multimode damping. According to results, the SPL of wheel squeal noise can effectively get reduced by the proposed method, up to 5 dB at near-field and
Introduction
e monotonic, disturbing, and high-level noise is often addressed as squealing noise. is unpleasant noise can be generated during the passage of railcar through sharp curves and/or during braking of railway vehicles. Occurrence of the squealing noise has been reported not only for passenger trains but also for metro and tram lines. is annoying noise is a normal consequence of the stick-slip phenomenon depending on both wheel and rail modal characteristics and contact patch reactive forces. Several major problems can be caused by the squealing noise due to the fact that the radiated noise not only affects the comfort of train passengers, but it can also disturb residents of nearby buildings [1, 2] . In urban regions, railway noise can even become a more important problem due to presence of buildings so that high-level railway noise remarkably increases environmental costs.
Wear and tear has also been reported both in wheel and rail due to such a stick-slip harsh motion.
Numerous experimental and analytical studies have been conducted in recent years to understand the wheel squeal noise, to predict its sources, and to investigate potential methods for mitigation of that problem. For this purpose, experimental field measurements have been carried out by a number of researchers [3] [4] [5] [6] [7] . Obtained results of these experimental investigations show that the wheel squeal occurs in inner wheels and axial vibrating modes of the wheel are the main source of the noise. Furthermore, different test rigs have been designed to investigate effects of different parameters on the squealing in laboratory scales [8] [9] [10] . ese studies indicate that the negative slope of the friction coefficient-creepage curve during the large creepage plays an important role in generation of the wheel squeal. According to the laboratory and field experimental measurements, increasing wheel damping is a very effective solution for wheel squeal suppression. In some other research projects, different analytical wheel squeal models have been developed and validated employing test results. A comprehensive model including the track, wheel, nonlinear contact forces, and rail vehicle was provided by ompson and Monk-steel [11] .
is model was used to investigate the influence of rail and wheel contact position on the occurrence of the squeal noise. Supplementary analytical models in the time domain can also be found in [11] [12] [13] [14] [15] [16] , applied for studying various aspects of the wheel squeal noise. Most recently, a number of scientists have tried to introduce simplified and practical models. Examples of such studies can be found in [17, 18] . Liu and Meehan [17] presented a simplified model using an energy-based approach to study influence of the velocity and angle of attack. A simplified contact theory was applied by Zenzerovic et al. [18] in order to presenting an engineering model for the wheel squeal. Younesian et al. [19] proposed an analytical method and obtained the noise radiated from a vibrating wheel.
Although prediction of the squealing noise is a significant task for researchers, proposing a suitable method for mitigation of this noise is necessary. erefore, in addition to the research studies conducted on the squealing measurement, modeling and its calibrating, and various methods for mitigation of the wheel squeal noise have also been reported. Muller and Oertli [20] proposed a solution strategy based on the friction modification and asymmetric grinding. ey examined the effectiveness of their idea by performing a number of measurements. Rail lubrication was proposed and studied by different authors [21] [22] [23] . It was found that this method can help to reduce the noise level. However, the method has some disadvantages as well since it results in a higher maintenance cost and may increase the rail/wheel loss of adhesion. Hiensch and Lammers [24] proposed railhead shape optimization to avoid railway squeal noise. Increasing wheel damping is a verified method for suppression of the wheel squeal, and its efficiency has analytically and experimentally been proven. In order to enhance wheel damping, diverse methods have been proposed so far. We may address to (a) preloaded rings inserted into the wheel [25] , (b) mounting damping layers to the wheel [4, 26] and carbody [27] , and (c) dynamic vibration absorbers [28] . Each method has its own costs and benefits. Performance of the inserted rings in the wheel was shown to be not precisely predictable. Damping layers cannot optimally act in narrow-band frequencies. Design procedure of the efficient dynamic vibration absorbers is complex, and their reaction time responses are normally high.
is study is intended to present a new creative solution based on the shunted piezoelectric elements. ese elements have widely been employed for vibration absorption, both in laboratory applications and industry full-scales. A comprehensive survey of the application of piezoelectric transducers and shunt circuits has been presented by Moheimani and Fleming [29] . Vibration control of a flexible spacecraft [30] , wind turbine blade [31] , and railway vehicle carbody [32] are some of successful experiences of the shunted piezoelectric applications. Jakob et al. [33] experimentally investigated active vibration control of rail wheels by using piezoelectric actuators. In a very recent study, Marjani and Younesian [34] employed the Nyquist method and investigated the performance of piezoelectric elements in postponing and reducing probability of the wheel sequel in the frequency domain. Followed to the previous study, in this paper, the authors evaluate application of shunted piezoelectric in squeal noise level reduction. e two main open questions to be answered here are as follows: (a) How efficient would the piezoelectric elements act in the real-time domain? How much of the wheel squeal sound pressure level (SPL in dB) can be reduced by this system? (b) Are they capable of performing multimode reductions? In order to answer these open questions, application of shunted piezoelectric for reduction of wheel squeal noise is studied in this paper. First, the wheel squeal is comprehensively modeled in the time domain. e model includes railway track, wheel, and nonlinear interaction contact forces. Sound pressure level (SPL) of the noise is then calculated. In the next step, shunted piezoelectric elements are attached to the wheel, and their effects on the wheel dynamic characteristics are taken into account. Performance of different shunt circuits including the R and RL is investigated at different desired frequencies. Also multimode damping is achieved by dividing piezoelectric patches into two groups with different shunt circuits. According to the obtained results, the SPL of wheel squeal noise can significantly be reduced by using adequate piezoelectric elements with adjusted shunt circuit parameters. Shunted piezoelectric can produce damping more than 2% in axial modes, which is noticeably more than other reduction methods.
Transient Wheel Squeal Model
A model is developed in this section in order to predict railway wheel squeal. Different parts of the model including wheelset, railway track, and nonlinear wheel/rail contact are discussed in this section. e wheel and rail time-domain responses are then obtained and employed to calculate the radiated sound in sound pressure level (SPL).
Wheelset Dynamics.
High-frequency vibration of railway wheel has been proven to be the main source of the wheel squeal [7] . erefore, a precise and reliable wheelset dynamic model is necessary for the prediction of squeal noise. In the first part of this study, natural frequencies and mode shapes of the wheelset in desired frequency range are obtained by using a finite element (FE) model. Damping for each mode is assumed as follows [35] :
where n is nodal circle. e wheelset dynamic characteristic equations are considered in the state-space domain as follows [28] :
In the above equations, y w denotes a 2n-order statevariable vector including modal velocity _ q r and the modal displacement q r of the modes r (r � 1 to n):
Moreover, n is the number of considered modes and f w � f w 2 , f w 3 and v w � v w 2 , v w 3 denote the input dynamic forces and output dynamic velocities in lateral and vertical 2
Shock and Vibration direction, respectively. e system matrix [A w ], the input matrix [B w ], and output matrix [C w ] can be obtained using the modal data in the state space.
Track Dynamics.
e rail vibration does not directly contribute to the wheel squeal noise; however, the track dynamics influence the wheel/rail contact forces. e track dynamic is modeled in both vertical and lateral directions. As shown in Figure 1 , the rail is assumed to be modeled by three attached beams [36] . Two infinite Timoshenko beams are used for the railhead and foot modeling, connected by using the third beam known as the rail web.
Sleepers are considered as concentrated mass elements, and vertical, lateral, and torsional stiffness of the rail pads and ballast are modeled by utilizing separate linear springs and dashpots in series, as shown in Figure 2 .
Frequency response of the track is calculated by employing appropriate commercial FEM package, in both vertical and lateral directions. e equations of motion of the track in the state space are then provided by using the similar method employed for the wheel dynamics:
2.3. Contact eory. e wheel and rail contact coordinate system 1-2-3 is shown in Figure 3 .
Because of the creepage in contact patch, the train speed does not precisely correspond to the wheel speed. Relation between lateral force F 2 and lateral creepage c 2 can be represented by
Lateral friction coefficient μ 2 can be calculated here, and F 3 is vertical force. Lateral friction coefficient can be obtained as follows [13] :
where µ 0 denotes the rolling friction coefficient [13] ,
In the latter equations, V is the train speed, τ W , τ R are the shear strength of the wheel and rail material (N/m 2 ), a and b are the semiaxis length of the Hertz contact ellipse in the rolling and lateral direction (m), and N is the static vertical force on the contact patch. In equation (7), Γ 2 is the normalized creepage given as
where G is the shear modulus of steel and C 22 is the Kalkar constant presented in [37] . Moreover, F 3 is the vertical force in contact point which can be found as follows [13] :
where k h is the Hertzian contact spring stiffness and y w 3 and y r 3 denote the wheel and rail vertical deflections at the contact point, respectively.
Transient Wheel Squeal Model.
In order to model the wheel squeal in the time domain, dynamics of the wheel, rail, and contact forces are combined in a loop, as shown in Figure 4 . First, a disturbance is exerted into the system to obtain the wheel and rail dynamic responses. e wheel and rail dynamic responses are calculated by solving equations (1) and (2) for the wheel and equations (4) and (5) for the rail. ey are applied for obtaining the lateral sliding and vertical deflection at the contact point. e consequent contact forces are then obtained using the contact theory provided in Section 2.3. e transient simulation can be carried out by the step-by-step integration.
Noise Calculation.
e acoustic pressure in desired point P in a spherical coordinate can be obtained by employing the Rayleigh integral [28] :
where R is the distance of P to the source, c 0 and ρ 0 are the sound speed and air density, respectively, and € y w 2 is the wheel lateral acceleration. Time delay in equation (11) is used to take the arrival time from the source into account. e outside wheel surface is divided into surface elements, and the integral is calculated over the wheel surface. en, by placement calculated p in the following equation the SPL can be obtained:
where p 0 is the reference sound pressure equal to 20 µPa. 2.6. Shunted Piezoelectric. Application of shunted piezoelectric elements as structural dampers has been well addressed in recent decades. Piezoelectric patches convert the mechanical strain into electrical energy. By dissipating electrical energy in a shunt circuit, it can work as a virtual damper ( Figure 5 ). Maximum damping in a desired frequency can be achieved by selecting adequate piezoelectric elements with adjusted position and tuned parameters. e location of maximum deformation in any mode shape must be considered to obtain maximum resultant electrical energy. Two types of the shunt circuits, R (resistor) and RL (resistor-inductor) circuits, are considered.
e optimal values of the electrical parameters are obtained for each case. ey can be adjusted to get the optimal performance in a speci c frequency. Multimode damping can be achieved by attaching a group of piezoelectric patches in designated places. e procedure will be presented as a case study in the next section.
2.6.1. Optimization of the Shunt Circuit. e purpose of optimization of shunt circuit is achieving maximum damping around speci ed frequencies. First, optimized parameters for R and RL circuits are approximated by the method presented by Hagood and Flotow [38] . e mechanical system with shunted piezoelectric around modal frequencies is modeled as the 1-DOF system, and an equivalent impedance is calculated as combination of the mechanical and electrical impedance for both types of shunt circuits ( Figure 6) . en, the equivalent impedance to get optimum parameters for R circuit is given by [38] and for RL circuit by
where δ opt and r opt are optimized tuning parameter and damping parameter and can be calculated as follows:
where K ij is the generalized coupling coefficient and can be obtained by the following equation:
where ω D n and ω E n are open circuit natural frequency and short circuit natural frequency, respectively. ese values are calculated by frequency analysis of the attached shunted piezoelectric wheel using the FEA software. Optimum parameters and corresponding harmonic response of the damped wheel around specified frequency is obtained by FEA software. A sample result is shown in Figure 7 for RL shunt circuits.
Corresponding added damping around specified frequency is calculated by the following equation:
where ω 1 , ω 2 , and ω n are presented in Figure 8 .
Case Study
In this study, a bogie moving with a speed of 12.25 m/s through a curve of radius 300 is considered for finding the steady state curving parameters including the normal force, stationary lateral creepage, contact position, and stationary lateral friction coefficient and its slop. ese parameters are listed in Table 1 . A UIC920 wheelset with properties listed in Table 2 is taken into consideration. Obtained results from a FEA model including the natural frequencies and mode shapes are almost identical with the experimental results presented in [10] . e mode shapes of the wheel are similar to those of a circular thick plate. e main axial modes are shown in Figure 9 . e axial modes are named (m, n), that m is nodal diameter and n is nodal circle. e axial modes with n � 1 have ten times larger damping (equation (1)) and practically do not appear in responses. Also modal frequencies of the modes with n > 2 are normally much higher than the frequency of squeal noise. ese modes have maximum lateral deformation and minimum damping. Hence they are the potential modes Shock and Vibration 5 which result in squeal. Figure 10 shows the lateral and vertical wheel mobility at the contact point. It can be seen that main peaks are around the axial mode frequencies.
e standard ballasted track model includes a UIC 60 rail and concrete sleepers with a sleeper spacing of 60 cm. Tables 3  and 4 summarize the railway track properties. e obtained lateral and vertical track mobility are illustrated in Figure 11 .
Piezoelectric properties used in this study are presented in Table 5 . It can be seen in Figure 9 that the wheel thread has maximum bending deformation in axial modes. In addition, the wheel thread surface (inside and outside) is flat. erefore, they are satisfactory locations for attaching the piezoelectric patches. It is worth noticing the fact that the piezoelectric patches should not be placed on the node lines synchronously. erefore, the number of the piezoelectric patches must be odd. Fifteen piezoelectric patches in every side of the wheel thread are attached. Patch dimensions Shock and Vibration (presented in Table 6 ) are chosen to be in allowable range presented by the manufacturer [37] . Additional patches do not essentially enhance the performance since their length should be reduced for this purpose and consequently short patches receive less stretch.
As explained in Section 4.1, it is desired to add damping at the axial modes (2, 0) and (3, 0) as the main source of the squeal noise. e piezoelectric patches arrangement on the wheel thread is shown in Figure 12 . Also node lines of mode (2, 0) and (3, 0) are drawn in accordance with Figure 9 . It is seen that if the number of piezoelectric patches is odd (assumed to be 15 in this figure), we can have maximum number of patches allocated on kπ/2 and kπ/3 (k � 1, 4) lines of action. For instance if we add an extra patch and increase the number of patches from 15 to 16 in this figure, we loose 4 of the effective patches in lines of kπ/3 and we gain only one extra patch at line 3π/2.
Results
In this section, numerical results of the wheel squeal simulation are presented for different conditions. Wheel squeal modeling with no added damping is presented, and the most effective mode shapes are identified. e primary analysis is utilized to design optimal shunt circuit. Subsequently, simulation results for different damped wheels with miscellaneous shunt circuits and layouts are analyzed and compared.
Wheel Squeal Simulation.
Determining the dominant unstable modes that have main effect on wheel squeal occurrence is necessary for the shunt circuit design. For this Table 4 : Track modeling parameters [39] . 13(b) . It can be seen that the wheel lateral velocity is much higher than the rail. Moreover, the wheel has a wider vibrating area. Since the emitted noise corresponds to (area) × (velocity) according equation (13), it can be expected that the wheel acts as the main source. Furthermore, lateral velocity is 20 times larger than the vertical velocity. is allows one to only take lateral wheel vibration into account for calculations. e FFT (fast Fourier transform) algorithm is used for calculating frequency response from time history. Frequency spectrum of the wheel lateral velocity is illustrated in Figure 14 (a). It is observed that the axial modes, particularly modes (2, 0), (3, 0), and (0, 0), are the main unstable modes and sources of the squeal noise.
is claim is proven in Figure 14 (b).
is figure shows the sound pressure level (SPL) at a point 1.0 meter away from the wheel is calculated by the method presented in Section 2.5 in the third octaveband spectrum. It is seen that the maximum SPL is 113 dB and 108 dB around the modes (3, 0) and (2, 0), respectively. Higher sensitivity of the human ears to high frequencies influences the problem so that the shunted piezoelectric must provide utmost damping in such modes. Figure 15 shows the SPL through a 0.5 m × 0.5 m surface and 0.1 meter and 2.5 meter away from the wheel. It can be observed in Figures 15(a) and 15(c) that the highest SPL is around the wheel thread where axial modes have maximum deformation.
Wheel Squeal Simulation with Damped Wheel.
In this section, performance of the shunted piezoelectric system in mitigating the wheel squeal noise is studied. Two shunt circuits, i.e., R and RL, are considered. Piezoelectric properties are optimally found by the method presented in Section 2.6.1 and listed in Table 7 .
Four different scenarios are proposed and compared. In the first scenario, every two patches in both sides of the wheel thread are connected to a RL shunt circuit and adjusted to the mode (2, 0). It means that all the couple patches are planned to add damping in a single mode. e second scenario is similar to the first one; however, it aims at to add damping in the mode (3, 0) . Results of these two scenarios are compared in Figure 16 (a) (SPL in octaveband), Figure 16 (b) (lateral wheel velocity), and Figure 17 (frequency spectrum of lateral wheel velocity). As seen, the applied strategy reduces the SPL and the wheel response around the adjusting frequency but is not effective on other frequencies. It is seen that even the SPL and lateral wheel velocity are boosted in mode (n, 0) with n ≥ 3. It shows that the mode (n, 0) with n ≥ 3 is coupled with mode (3, 0) . It means that if the mode (3, 0) becomes unstable other modes also get unstable and the wheel lateral velocity fluctuates in higher frequencies. e modes (0, 0) and (1, 0) are coupled to the mode (2, 0) and behave similarly. It can be observed from Figure 17 that the peak on the mode (2, 0) completely disappeared but extra peaks appeared in frequencies higher than the mode (3, 0) . e similar behavior can be seen between the modes (2, 0) and (1, 0) . According to these results, we can conclude that the SPL and the wheel vibration cannot be reduced effectively by adding damping in a single mode. Also the corresponding added damping in different frequencies is calculated by the method presented in Section 2.6.1 for each scenario and listed in Table 8 . e third scenario is similar to the first one but the resonant circuit is replaced by the resistive circuit with similar adjusting frequency i.e., (2, 0) . e circuit provides lower damping in the mode (2, 0), but it acts more effectively in other frequencies. It can be seen in Figures 16 and 17 that although the SPL and the wheel vibration are not very much suppressed around the mode (2, 0), the circuit performance enhances in higher frequencies. A reduction of 25 dB in the SPL is achieved around the mode (3, 0) . e fourth scenario is aimed at providing optimal damping simultaneously for both modes (2, 0) and (3, 0) . e layout is the same as the first approach with RL elements, but the shunt circuits are divided into two groups. e first group (eight patches) is adjusted to the mode (2, 0), and the rest of them are tuned to the mode (3, 0) . Figures 18 and 19 indicate that both the SPL and the wheel lateral velocity are effectively mitigated at all frequencies. 9.0 dB reduction in the SPL around the mode (2, 0) and 46.0 dB around the mode (3, 0) are simultaneously achieved. Based on the results shown in Figure 19 , one can conclude that the mode (3, 0) and higher modes are significantly suppressed. Figure 20 illustrates the sound pressure level reduction around the wheel in near-field and far-field. In order to achieve the shown results, the pressure field has been calculated and compared for the wheel with and without passive control system. A remarkable noise reduction in the near-field (up to 5 dB) and the far-field (up to 10 dB) is achieved.
Conclusion
A new methodology for mitigation of squealing noise in railway applications was proposed. Application of piezoelectric elements in wheel noise reduction was evaluated in the time domain. A comprehensive model including the wheel and track and their interaction was employed. Vibration of the wheel surface was obtained when it runs over a sharp curved track. e consequent sound pressure level of the wheel noise was found by employing the Rayleigh integral. Two different configurations of the piezoelectric elements were applied to the head section of the wheel. Performance of different shunt circuits including the R and RL was investigated in different frequency ranges. It was found that for the RL shunt circuit tuned to the mode (2, 0), and all the higher modes (n, 0) with n ≥ 3 became unstable. If it is tuned to the mode (3, 0), it would perform well on the higher modes but has no remarkable effect on the mode (2, 0). Changing to the R shunt circuit, one can achieve the damping not only for the tuned mode, but also for higher and lower modes. However, there is still deficiency regarding the small and inadequate value of added damping.
Multimode damping was achieved by dividing piezoelectric patches into two different clusters, one acting on the mode (2, 0) and the other on (3, 0) . According to the obtained results, vibration of the wheel surface as well as the SPL of the wheel squeal noise can remarkably be reduced by such a multimode reductive system. e proposed system can provide damping more than 2% in axial modes, which is significantly higher than the damping provided by other methods. Another advantage is predictability of the dynamic behavior of the system which is an important issue in such types of control systems.
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